INTRODUCTION
============

PTEN-induced putative kinase 1 (PINK1) is a mitochondria-targeted serine/threonine kinase that mediates several pathways to maintain mitochondrial health and function. When mitochondria are damaged or under stress, PINK1 is stabilized on the outer mitochondrial membrane where it phosphorylates its substrates to initiate mitochondrial clearance via mitophagy ([@B28], [@B29]; [@B58]; [@B50]; [@B9]; [@B46]; [@B49]; [@B18]; [@B5]; [@B16]; [@B17]; [@B19]; [@B51]). PINK1 also affects mitochondrial morphology by interacting with fission-and-fusion machinery and promotes the activity of complex I in the electron transport chain ([@B33], [@B34]; [@B57]; [@B59]; [@B23]; [@B45]; [@B47], [@B48]; [@B26]; [@B32]; [@B8]). The loss of PINK1 in flies leads to a host of phenotypes, including compromised climbing and flight ability, deformed thoraxes, drooped/held-up wings, and reduced ATP production ([@B7]; [@B30]; [@B56]). In humans, mutations in *PINK1* underlie some cases of recessive early-onset Parkinson's disease ([@B43], [@B44]). Thus, PINK1 plays a critical role in mitochondrial homeostasis, and its disruption has severe effects at the cellular and organismal level.

Of a mitochondrion's myriad responsibilities, its most vital is the production of energy through metabolism, including fatty acid and amino acid metabolism. Fatty acids are broken down by β-oxidation and ultimately generate the most energy per gram of any metabolite. While amino acids do not deliver as much energy per gram as fatty acids, their metabolism boasts the widest variety of pathways. Inborn errors of either fatty acid metabolism or amino acid metabolism can have devastating consequences, including early childhood death ([@B37]; [@B55]; [@B14]), which illustrates how critical these processes are to cell survival.

We show here that in addition to its other mitochondrial functions, *PINK1* plays a role in fatty acid and amino acid metabolism. We find that an enzyme critical to fatty acid β-oxidation, medium-chain acyl-coenzyme A dehydrogenase (MCAD), is phosphorylated in a PINK1-dependent manner. MCAD's canonical function is to break down medium-chain fatty acids (C6-12), and its deficiency is the most common inborn error of β-oxidation in humans ([@B37]). Mimicking phosphorylation of MCAD in *PINK1* null flies rescues the flies' deformed thoraxes, drooped/held-up wings, and flight and climbing deficiencies. We also show that the loss of PINK1 leads to substantial disruptions in both acylcarnitines and amino acids and that mimicking phosphorylation of MCAD rescues some of these disruptions.

RESULTS
=======

Phosphorylation of MCAD S347 is dependent on *PINK1* in *Drosophila*
--------------------------------------------------------------------

To identify potential novel targets of PINK1, we conducted an unbiased proteomic screen for phosphorylated residues in the mitochondrial fractions of *PINK1* null flies and their genetic controls (Supplemental Figure S1) (Clark *et al.*, 2006). Since PINK1 is a serine/threonine kinase, we searched for phosphorylated peptides whose abundances were decreased with the loss of PINK1. One phosphopeptide of Marf (the *Drosophila* homologue of mitofusin) was dramatically decreased in *PINK1* null flies (Supplemental Figure S2 and Supplemental Table S1). This finding indicates that Marf phosphorylation is dependent on PINK1 in vivo and supports previous findings in multiple systems that Marf/mitofusin is a target of PINK1 (Poole *et al.*, 2008, 2010; Yang *et al.*, 2008; Tanaka *et al.*, 2010; Chen and Dorn, 2013).

In addition to the Marf phosphopeptide, we identified another phosphopeptide with considerably lower abundance in *PINK1* null flies. This phosphopeptide belongs to MCAD, an enzyme critical to the oxidation of medium-chain fatty acids ([@B37]; [@B14]). The abundance of this phosphopeptide was reduced in *PINK1* null flies to 12.4% of the level found in controls, while the abundance of another detected unphosphorylated MCAD peptide remained the same in both genotypes ([Figure 1A](#F1){ref-type="fig"} and Supplemental Figure S2). Within the identified phosphopeptide, there was one serine site with a high probability of phosphorylation, verified by manual analysis of the MS/MS spectrum: serine 347 (Supplemental Figure S3 and Supplemental Table S1). This serine site is functionally conserved across species and correlates to threonine 351 in mammals ([Figure 1B](#F1){ref-type="fig"}). Phosphorylation of this site was previously confirmed in humans and mice ([@B35]; [@B13]; [@B27]; [@B15]; [@B2]).

![Phosphorylation of MCAD S347 is dependent on *PINK1* in *Drosophila*. (A) Phosphopeptide analysis showing relative levels of phosphorylated (left) and unphosphorylated (right) MCAD peptide in mitochondrial fractions from 5-d-old control and *PINK1* null male flies. (B) Sequence alignment of human, mouse, rat, and fly *MCAD*. S347/T351 is marked in red. (C) Phos-tag and regular PAGE gels showing in vitro kinase assay for MCAD and TcPINK1. Phos-tag gel is probed with anti-MCAD to detect both unphosphorylated and the slower-migrating phosphorylated MCAD. Regular PAGE gels are probed with anti-MCAD and anti-MBP to detect MCAD and TcPINK1, respectively, in the in vitro kinase assays. CIP is calf intestinal alkaline phosphatase. The same results were repeated three times (D) Schematic depiction of *Drosophila* gene *CG12262* (*MCAD*) detailing sequences used to generate wild-type, phosphoresistant and phosphomimetic S347. Green boxes are 5′ and 3′ UTRs; blue boxes are exons. (E) Representative Western blot of mitochondrial and cytosolic fractions from *Actin5C-GAL4* alone (control) and *Actin5C-GAL4* driving MCAD (A), MCAD (WT), and MCAD (D) transgenic constructs. Samples were probed with anti-tubulin as a cytosolic loading control, anti-OPA1 as a mitochondrial loading control, anti-MCAD to identify endogenous and transgenic localization, and anti-V5 to verify transgenic localization. Note that endogenous MCAD (red asterisk) migrates faster than V5-tagged MCAD in the anti-MCAD blot. The slightly shifted V5-tagged transgenes are verified in the separate anti-V5 blot. *n* = 25 flies lysed per sample for each experiment; three biological replicates per genotype.](mbc-29-1219-g001){#F1}

Since MCAD S347 phosphopeptide abundance followed the same pattern as a known PINK1 substrate, Marf, we hypothesized that PINK1 mediates the phosphorylation of MCAD at serine 347. We confirmed that PINK1 can directly phosphorylate MCAD by coupling an in vitro PINK1 kinase assay with Phos-tag acrylamide analysis---Phos-tag ligands bind phosphorylated proteins and slow their migration. We used bacterially expressed *Tribolium castaneum* PINK1 (TcPINK1), which remains active in vitro ([@B54]), and human MCAD ([Figure 1C](#F1){ref-type="fig"}). Collectively, we have provided evidence that PINK1 mediates the phosphorylation of MCAD both in vivo and in vitro.

Generating phosphoresistant and phosphomimetic MCAD S347 transgenic flies
-------------------------------------------------------------------------

Because phosphorylation of MCAD S347 is reduced in *PINK1* null flies, we reasoned that mimicking phosphorylation at this site could rescue some of *PINK1* null's phenotypes. To test this hypothesis, we generated flies carrying wild-type (Ser347), phosphoresistant (Ser347Ala), and two phosphomimetic (Ser347Asp, Ser347AspAsp) MCAD transgenes downstream of an upstream activation sequence (UAS). We refer to these transgenes as MCAD (WT), MCAD (A), MCAD (D), and MCAD (DD), respectively ([Figure 1D](#F1){ref-type="fig"}). We used two different phosphomimetic transgenes since it has been observed that sometimes a pair of acidic amino acids serves as a better mimic of phosphorylation than a lone acidic amino acid ([@B40]; [@B31]). We also included a V5 tag at the C-terminal of these transgenes, so that we could evaluate their expression levels. All transgenes were inserted into the same genomic site using the PhiC31 integrase-mediated transgenesis system to ensure that they had the same genomic regulation ([@B3]; [@B24]).

To determine that neither the V5 tag nor the phosphorylation state affected localization of MCAD, we probed mitochondrial and cytosolic fractions of fly lysates for both endogenous and transgenic MCAD expression. We verified that an MCAD antibody generated against mammalian MCAD recognized endogenous fly MCAD (Supplemental Figure S4A) using MCAD deficient flies (described later). All V5-tagged MCAD transgenes were expressed at similar levels when driven by the ubiquitous Actin5C-GAL4 driver ([@B4]) ([Figure 1E](#F1){ref-type="fig"}, V5 blot), and their expression levels were comparable to those of endogenous MCAD ([Figure 1E](#F1){ref-type="fig"}, MCAD blot). Neither the V5 tag nor the phosphorylation states of the transgenes affected their localization, and both endogenous and transgenic MCAD protein localized to the mitochondria as well as the cytosol, consistent with a previous report in mammals ([@B60]) ([Figure 1E](#F1){ref-type="fig"}).

We then expressed these transgenic forms of MCAD in *PINK1* null flies carrying Actin5C-GAL4 ([@B30]). Importantly, we crossed our *PINK1^null^; Actin5C-GAL4* flies with flies carrying the same attP40 landing site into which the MCAD transgenes were integrated to eliminate bias caused by differing genetic backgrounds. The protein expression levels of all transgenes were comparable, including in a *PINK1* null background (Supplemental Figure S4, B and C). Thus, these transgenes allowed us to observe the effects of mimicking phosphorylation of MCAD S347 in a *PINK1* null background, while controlling for any other genetic factors.

Phosphomimetic MCAD S347 rescues behavioral and morphological deficiencies in *PINK1* null flies
------------------------------------------------------------------------------------------------

We first used these wild-type, phosphoresistant, and phosphomimetic MCAD transgenic flies to determine whether mimicking phosphorylation at MCAD S347 could rescue either of *PINK1* null's established climbing and flight phenotypes ([@B7]; [@B30]). Our *PINK1* null flies took significantly longer to climb 8 cm than control flies, and this climbing latency was fully rescued by MCAD (D) and MCAD (DD), partially rescued by MCAD (WT), and not rescued by MCAD (A). Notably, MCAD (D) and MCAD (DD) rescued the phenotype significantly better than MCAD (WT) ([Figure 2A](#F2){ref-type="fig"}). Our *PINK1* null flies also exhibited a striking flight deficit--- ∼80% were unable to fly---which was significantly rescued by MCAD (D) and MCAD (DD) and not rescued by MCAD (A) or MCAD (WT) ([Figure 2B](#F2){ref-type="fig"}). Thus, mimicking phosphorylation of MCAD at serine 347 rescued *PINK1* null's climbing and flight deficits.

![Phosphomimetic MCAD S347 rescues *PINK1* null phenotypes. (A--F) All assays were conducted in 3- to 4-d-old male flies. *n* = 50--55 flies. For all panels, comparison is to *PINK1^RV^* unless otherwise indicated. All lines showing significance represent two-group comparisons. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001 for all figures. (A) Time flies take to climb upward 8 cm. One-way ANOVA, followed by Tukey's multiple comparisons. Middle line is the median, outer edges of the box are 25th and 75th percentiles, and whiskers are the minimum and maximum values. (B) Percentage of flies that cannot fly. (C) Percentage of flies with indented thoraxes. (D) Percentage of flies with drooped or held-up wings. (B--D) Chi-square test, followed by Fisher's exact tests. (E) Representative images of a healthy *PINK1^RV^* (control) thorax (left), and the indented thorax of a *PINK1^B9^*(null) fly (right). Red arrows indicate indentation. (F) Representative images of healthy *PINK1^RV^* wings (left), as well as drooped (middle) and held-up (right) wings in *PINK1^B9^*flies. Red dotted lines emphasize the varying angles of the wings. (G) ATP levels divided by total protein levels, *n* = 4--5 samples, four flies per sample. One-way ANOVA, followed by Tukey's multiple comparisons; n.s., not significant.](mbc-29-1219-g002){#F2}

We next explored whether phosphomimetic MCAD could rescue either of *PINK1* null's established indented thorax or drooped/held-up wing phenotypes ([@B7]; [@B30]). We observed that ∼65% of our *PINK1* null flies displayed indented thoraxes, which are indicative of muscle degeneration ([@B7]; [@B30]). This number was significantly decreased by expression of MCAD (D) and MCAD (DD) and not by expression of MCAD (A) or MCAD (WT) ([Figure 2, C and E](#F2){ref-type="fig"}). Similarly, we found that ∼40% of our *PINK1* null flies exhibited drooped or held-up wings. This number was significantly decreased by expression of MCAD (D), and not by expression of MCAD (A) or MCAD (WT). Rescue by MCAD (DD) did not reach significance, but MCAD (D) and MCAD (DD) were not significantly different ([Figure 2, D and F](#F2){ref-type="fig"}). Overall, mimicking phosphorylation at MCAD S347 significantly improved *PINK1* null's thorax and wing posture phenotypes.

MCAD's rescue of *PINK1* null flies is independent of ATP production
--------------------------------------------------------------------

Mitochondrial ATP production is compromised in *PINK1* null flies, and is also influenced by MCAD enzymatic activity ([@B7]; [@B30]; [@B45]; [@B47], [@B48]; [@B14]), so we tested whether MCAD (D)/(DD) restores *PINK1* null's organismal phenotypes by improving mitochondrial ATP generation. We found that neither MCAD (D) nor (DD) rescued the ATP deficit in *PINK1* null flies, and that their ATP levels were indistinguishable from those of MCAD (A) and (WT) ([Figure 2G](#F2){ref-type="fig"}). Therefore, it is likely that MCAD (D)/(DD) promotes mitochondrial functions other than ATP production to rescue *PINK1* null's organismal phenotypes.

MCAD's rescue of *PINK1* null flies is independent of its conventional role in β-oxidation
------------------------------------------------------------------------------------------

We next asked whether the observed organismal rescue could be due to MCAD's role in β-oxidation. To answer this question, we analyzed the flies' acylcarnitine profiles. This profile analysis is a well-established method by which newborns and patients are tested for defects in fatty acid oxidation, including MCAD enzymatic deficiency ([@B36]). In addition to *PINK1* null flies and their controls, we assayed MCAD deficient flies to validate that this analysis works in flies as it does in humans. Because there was no MCAD knockout fly available, we generated a fly model of MCAD deficiency by deleting a ∼1.5 kb fragment of the *MCAD* gene using CRISPR/Cas9 ([@B10]), which we will call *MCAD^mut^*. We also drove a UAS-MCAD RNAi line with Tubulin-GAL4 as an MCAD knockdown (Supplemental Figure S4A). Our homozygous *MCAD^mut^*, transheterozygous *MCAD^mut^* over a deficiency (Df) locus covering *MCAD*, and ubiquitous *MCAD* RNAi flies all exhibited significant elevations in medium-chain acylcarnitines characteristic of human MCAD deficiency: C6, C8, and C10:1 acylcarnitines. As expected, this pattern was exacerbated by starvation, because lowered glucose levels promote fatty acid oxidation ([@B14]). The elevations observed in *MCAD^mut^* flies were fully rescued by expression of MCAD (WT), confirming that these elevations were specifically due to lack of MCAD ([Figure 3](#F3){ref-type="fig"}). This profile is, to our knowledge, the first time that fly MCAD deficiency has been tested for similarity to human MCAD deficiency and validates our protocol.

![Acylcarnitine analysis in *PINK1* null and *MCAD* mutant flies. Acylcarnitine analysis in lysates from 6- to 7-d-old male flies. "Starved" condition means flies were switched to vials containing only water for the final 24 h. Student's *t* tests, *n* = 3--10 samples, five flies per sample, two technical replicates averaged per sample. Abundance of (A) C6, (B) C8, and (C) C10:1 acylcarnitines in MCAD deficient flies and *PINK1* null flies.](mbc-29-1219-g003){#F3}

We did not find that *PINK1* null flies exhibited the same, stereotypical MCAD deficiency. Although C6 and C8 acylcarnitines increased slightly under both fed and starved conditions, their increase was nominal compared with the remarkable elevations observed in MCAD deficient flies ([Figure 3](#F3){ref-type="fig"}, inset). Additionally, *PINK1* null flies did not exhibit a significant C10:1 acylcarnitine increase ([Figure 3](#F3){ref-type="fig"} and Supplemental Table S2), suggesting that MCAD is still enzymatically active as an acyl-CoA dehydrogenase in *PINK1* null flies. Expression of MCAD (D)/(DD) in *PINK1* null flies did not alter their acylcarnitine profiles (Supplemental Figure S5). Therefore, phosphomimetic MCAD S347 likely rescues *PINK1* null's organismal phenotypes independently of MCAD's acyl-CoA dehydrogenase activity.

*PINK1* null flies have acylcarnitine and amino acid disruptions, which are selectively rescued by phosphomimetic MCAD S347
---------------------------------------------------------------------------------------------------------------------------

In addition to MCAD enzymatic deficiency, we used our acylcarnitine profile to determine whether other parts of the fatty acid oxidation pathway were affected by loss of PINK1. Our *PINK1* null flies showed significant decreases in free carnitine and C2 and C3 acylcarnitines. In addition to C6 and C8 acylcarnitine ([Figure 3, A and B](#F3){ref-type="fig"}), *PINK1* null flies showed significant increases in four medium-chain acylcarnitines (whose elevations are not prominent characteristics of traditional MCAD deficiency), as well as nine long-chain acylcarnitines (Supplemental Table S2). Owing to increasing evidence that *PINK1* plays a role in lipid and amino acid metabolic homeostasis ([@B38]; [@B39]; [@B48]), we also measured free amino acids in *PINK1* null flies. Of 40 amino acids tested, the flies were significantly deficient in 10 and had elevations in five (Supplemental Table S3).

After identifying metabolites that were altered in *PINK1* null flies, we wanted to know which might be involved in MCAD's rescue of *PINK1* null's phenotypes. Among the metabolite deficiencies we observed in *PINK1* null flies were C3 acylcarnitine, β-alanine, and arginine, which were rescued by expression of our phosphomimetic MCAD, as compared with our phosphoresistant MCAD. Similarly, two metabolites that were significantly elevated in *PINK1* null flies were lysine and argininosuccininc acid, which were rescued by expression of our phosphomimetic MCAD, as compared with our phosphoresistant MCAD ([Figure 4](#F4){ref-type="fig"}). Because the rescue of these metabolites by phosphomimetic MCAD are consistent with the rescue of *PINK1* null's flight, climbing, thorax, and wing posture phenotypes, phosphorylation of MCAD S347 may restore *PINK1* null's organismal function in part by restoring these acylcarnitine and amino acid abnormalities.

![MCAD S347D selectively rescues *PINK1* null's acylcarnitine and amino acid deficiencies. Comparing selected acylcarnitines and amino acids between *PINK1^RV^* and *PINK1^B9^*, and *PINK1^B9^; Actin5C-GAL4\>MCAD (A)* and *PINK1^B9^; Actin5C-GAL4\>MCAD (D)*. Student's *t* tests, *n* = 3--8 samples, five flies per sample, two technical replicates averaged per sample.](mbc-29-1219-g004){#F4}

DISCUSSION
==========

In this study, we found that the phosphorylation of MCAD at site S347 is dependent on PINK1 and that mimicking phosphorylation at this site in *PINK1* null flies can rescue their flight, climbing, thorax, and wing posture phenotypes. To better understand why this phosphorylation is beneficial, we examined canonical functions of PINK1 and MCAD and found that the mechanism of rescue is divorced from both PINK1's role in ATP generation, as well as MCAD's role in β-oxidation. Instead, mimicking phosphorylation of MCAD S347 in a *PINK1* null background corresponds to rescuing the altered C3 acylcarnitine, β alanine, arginine, lysine, and argininosuccininc acid levels found in *PINK1* null flies. In addition, we established the first MCAD deficiency fly model and identified significant metabolite alterations in *PINK1* null flies: 15 amino acids belonging to numerous metabolic pathways and 17 acylcarnitines of widely varying chain lengths. Thus, PINK1 plays a role in fatty acid and amino acid metabolism and mediates a novel function of the β-oxidation enzyme MCAD.

Our findings validate and expand on PINK1's role in metabolic homeostasis, revealing a sweeping array of amino acids and acylcarnitines affected. While *PINK1* null flies likely do not have an MCAD enzymatic deficiency, their acylcarnitine profiles reveal other β-oxidation defects. The pattern of disrupted short-, medium-, and long-chain acylcarnitines is suggestive of multiple acyl-CoA dehydrogenase deficiency (MADD) and does share some similarities to a MADD fly model ([@B1]). *PINK1* knockout rats also show significantly decreased levels of both α and β subunits of electron transfer flavoprotein (ETF), which is consistent with our finding, since disruption of either of these subunits is a cause of MADD ([@B39]). The elevations in long-chain acylcarnitines are particularly notable, and prominent peaks at C16 and C18:1 acylcarnitines are reminiscent of those found in human deficiencies in carnitine palmitoyltransferase 2 (CPT2) and/or carnitine acyl-CoA translocase (CACT). This observation is consistent with the recent finding that *PINK1* knockout rats show significantly decreased levels of CPT2, as well as the finding that decreased PINK1 protein levels correlate to decreased very long-chain acyl-CoA dehydrogenase (VLCAD) levels in human brains ([@B6]; [@B39]). Both of these deficiencies could lead to the elevations in long-chain acylcarnitines that we observed. The free amino acids disrupted in *PINK1* null flies are wide-ranging and include essential, nonessential, and conditional amino acids. Because recent research in the *PINK1* field indicates the need for more thorough metabolic analysis ([@B38]; [@B48]), our methods and results provide a template for future validation.

In the process of developing our metabolic profiles, we generated the first MCAD deficiency fly model, confirmed the canonical role of *Drosophila* MCAD in medium-chain fatty acid β-oxidation, and established that the fly MCAD deficiency acylcarnitine profile looks strikingly similar to the human profile, suggesting that the fly could be a good model for studying this and other inborn errors of metabolism. We also identified a new role for MCAD through PINK1-mediated phosphorylation of S347, since it rescues *PINK1* null's disruptions in C3 acylcarnitine, β alanine, arginine, lysine, and argininosuccininc acid without rescuing its dehydrogenase activity. These final three amino acids are metabolically linked in that argininosuccinic acid is a precursor of arginine, and arginine and lysine compete for the same transport proteins. Because we found that some fly MCAD localizes to the cytosol ([Figure 1E](#F1){ref-type="fig"}), and PINK1 has been recently reported to have kinase activity there ([@B22]), there are several possibilities as to where PINK1 and MCAD interact and influence downstream targets. Phosphorylation of MCAD at S347 could cause a conformational change or alter protein binding to influence amino acids and acylcarnitines nearby or trigger a long-range signal to affect other metabolic pathways.

Because we assayed the *PINK1* null flies under physiological conditions, we have further expanded PINK1's role beyond stress-induced mitophagy. As fly and human PINK1 are functionally conserved ([@B7]), our observations of PINK1's role in fly metabolic homeostasis could be relevant to human PINK1 as well. Recessive mutations in human *PINK1* cause Parkinson's disease, which is the second most common neurodegenerative disorder, as well as the second most common movement disorder. This study suggests that metabolic imbalance may constitute a part of pathogenesis in human neurodegenerative diseases.

Metabolism is a keystone of cellular function and must be tightly controlled, especially in cells with high energy demands. Our work links PINK1 to the β-oxidation enzyme MCAD and to lipid and amino acid metabolism and is one example of how metabolic profiling can be a rapid and effective way to study molecular and cellular functions of disease-causing genes. It also serves as a reminder of the underappreciated roles of known enzymes in metabolic activity and illustrates the power of coupling metabolic profiling with *Drosophila* genetics to identify those roles.

MATERIALS AND METHODS
=====================

Fly stocks
----------

Fly stocks used were *PE704*, *PINK1^5^* ([@B7]), *PINK1^RV^, PINK1^B9^* ([@B30]), *Actin5C-GAL4*, *Tubulin-GAL4*, *UAS-MCAD RNAi^KK^* (VDRC 107820*), y^1^ v^1^; P{CaryP}attP40* (BDSC 36304), *M{vas-Cas9}ZH-2A *(BDSC 51323), and *Df(3L)BSC631* (BDSC 25722). All flies were maintained at 25°C and flipped into new food every 3--4 d. For details on the creation of transgenic flies and use of CRISPR/Cas9, please see the Supplemental Experimental Procedures.

Western blots and kinase assay
------------------------------

Please see the Supplemental Experimental Procedures.

Behavioral assays
-----------------

To assess climbing ability, 3- to 4-d-old male flies were placed in a vial one at a time, allowed to acclimate for 1 min, gently tapped to the bottom, and then the time the fly took to climb 8 cm was recorded. To assess flight ability, flies were tapped one at a time out of a vial held upside down 1 ft over a bench top. If the fly flew away, then it was recorded as "1," and if it was unable to fly, then it was recorded as "0."

Wing and thorax assays
----------------------

Wing posture was assessed in 3- to 4-d-old male flies by viewing a vial of five flies each under a dissecting scope, and recording whether wings were held normally ("0″) or drooped or held-up ("1″). Thorax indentations were observed by placing flies on a CO~2~ pad and viewing their thoraxes under a dissecting microscope. A healthy thorax was recorded as "0," while an indented thorax was recorded as "1."

ATP determination
-----------------

ATP levels from lysates of four 30- to 31-d-old male flies per sample were measured using an ATP Determination Kit (Molecular Probes A22066). Flies were homogenized in 100 μl lysis buffer (6M guanidine-HCL, 100 mM Tris, 4 mM EDTA, pH 7.8 \[ [@B30]\]), boiled for 5 min, placed on ice for 5 min, and centrifuged at 17,000 × *g* for 15 min. The supernatant was diluted 1:500 with kit reaction buffer, luciferase was added for 3 min, and then luminescence was measured on a GloMax Jr. luminometer (Promega). Values were normalized to protein levels, which were determined by diluting samples 1:1 and using a BCA Protein Assay Kit (Pierce 23225).

Phosphopeptide, acylcarnitine, and amino acid analysis
------------------------------------------------------

Please see the Supplemental Experimental Procedures.

Statistical analysis
--------------------

Statistical analyses were performed using GraphPad Prism 7.03. To first confirm that the data were normally distributed, the D'Agostino-Pearson omnibus K2 test was used for *N* ≥ 8, and the Shapiro--Wilk test was used if *N* \< 8. Student's *t* tests were used to compare groups of two with Gaussian distributions. One-way analyses of variance (ANOVAs) were used to compare groups greater than two with Gaussian distributions, followed by Tukey's multiple comparisons tests if the ANOVA gave *p* \< 0.05. A chi-square test was used on groups of binary data, followed by Fisher's exact tests if the chi-square gave *p* \< 0.05.

Supplementary Material
======================

###### 

Click here for additional data file.
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